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CARBON FUELED FUEL CELLS 
Field of the Invention 

The invention is in the field of the production of electricity or hydrogen by the reaction of 
carbon at an electrode producing carbonate ions 
5 Background of the Invention 

The need for lower cost electricity produced by means with fewer adverse environmental 
impacts has created a great deal of interest in fuel cells which create electricity by chemical 
reactions at electrodes. The outstanding advantage of the fuel cell is the very high efficiency by 
which it can convert the thermodynamic energy potential of the reactants into electricity. This 

1 0 efficiency can be as much as twice the efficiency of thermal conversion methods such as steam 
turbines and internal combustion engines. The fuel cell is inherently a mechanically simple 
device. It will lend itself to compact and comparatively inexpensive installations. Further, as the 
process does not involve extreme temperatures or large gas flows for the energy producing 
source, there are excellent opportunities to insure the recovery of undesirable impurities. A great 

1 5 deal of current development effort is being placed on hydrogen fuel cells with their advantageous 
oxidation production of water. The cells herein described can be used to produce hydrogen at 
very low cost, and of a quality perfectly suited to hydrogen fuel cell usage. 

Hydrogen, despite the ease of its use and attractive water by-product, has certain 
disadvantages. It is very difficult to store. As it can be liquified at only extremely low 

20 temperatures, it practically is stored at very high pressures in cylinders of great strength, or 

stored as a compound such as metal hydrides, or even in nano-sized carbon tubes. In all of these 
alternates the light weight hydrogen is less than 15% of the weight of the hydrogen and storage 
device. The production of hydrogen of a purity suitable to sustained fuel cell use is another 
difficulty. Electrolytic production while meeting purity goals has heretofore presented no electric 

25 energy advantage Production by the reforming of natural gas (primarily methane) requires a 

large energy input for the reforming reaction, and starts from an increasingly expensive material. 
Carbon as illustrated by coal, is a more available and much lower cost fuel. The difficulties 
inherent in producing hydrogen by the water gas reaction which include the production of 
carbon monoxide, and a large endothermic reaction to which large amounts of heat must be 

30 supplied, makes it a complex and expensive process. Further, as carbon monoxide is well 
established as a poison to hydrogen cells, one is required to go through repeated water shift 
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reactions to achieve suitable hydrogen quality. 

Carbon is widely available. Concentrated in coal it is the preferred and most heavily used 
source of energy for the production of electricity. Carbon-containing organic materials are 
ubiquitous in nature in the forms of wood, paper, plastics, cloth, and rubber, These materials 
5 constitute the major components of land-filled waste. In my co-pending patent applications 
(serial numbers 60/465,3 1 3 and 60/469,543) I show a means of converting all of the above 
materials to carbon and water. Carbon therefore will be available both inexpensively and with 
environmental advantage as a source for electricity production. 

It has long been recognized that it would be very advantageous if carbon could be 

10 electrolytically processed to either hydrogen, or directly to electricity. In US Patent 4,226,683, 
Vesper Vaseen proposed an electrolytic cell that converted carbon to hydrogen by the carbon 
water reaction. The oxygen in the water producing carbon dioxide at one electrode while 
hydrogen was produced at the second electrode. The cell operated at a high temperature (180°C) 
and required a high pressure containment to overcome waters inherent gas state at this 

1 5 temperature. The cell further required a circulating organic depolarizer to remove the carbon 
dioxide and hydrogen from the system. In US Patent 6,200,697 Philip Pesavente describes a 
carbon-air fuel cell. The cell operates at 400°C in mixed fused metal hydroxides. Water is 
introduced as a gas in the incoming air (oxygen) stream. The reaction of water with certain 
chemicals assisting in the discharge of carbon dioxide from the carbonates formed in the 

20 reaction. The high temperature involved and the complexity of the carbon dioxide discharge are 
some of the disadvantages of this system. 

Thus, there remains a need for a practical means for using carbon as the fuel source for 
electricity needs. 

Description of the Invention 

25 The reaction of water and carbon at moderate temperatures is particularly advantageous 

in that carbon materials readily adsorb water into the matrix. Where wetting is a difficulty, there 
are numerous very effective surfactants which enhance the water contact to the surface. The 
problem has been that at the normal boiling temperature of water, the kinetics of the carbon 
water reaction are not sufficient for a practical reaction. While being enclosed in a pressure 

30 vessel would overcome this, the vessel itself is a costly solution. There are, however, a number 
of materials that that hold water either as a compound or in a coordinated state. These include 



2 



sodium and potassium hydroxide; magnesium, calcium and strontium chloride; zinc chloride; 
monoammonium phosphate, and biammonium phosphate. 

. One or more of these materials serve as both the electrolyte, carrying a current at low 
resistance, and as the source of water-even at temperatures as high as 200°C. They carry this 
5 water at atmospheric pressure. 

It is advantageous that the carbon have a high surface area. Reactivity of the carbon is 
enhanced by the intercalation of sodium and/or potassium ions. Certain catalysts such as cerium 
oxide are helpful in improving reactivity. 



10 from this being disadvantageous, as cited in US 6,200,697, it is advantageous as it provides a 
positive voltage. At a preferred temperature of 150°C this voltage is 0.17V (Na 2 C0 3 ) or 0.21V 
(K 2 C0 3 ). While marginal in a cell producing hydrogen, they can be practically used to produce 
hydrogen in a bipolar configuration. Alternately, these voltages at least make the inpressed 
voltage required for hydrogen production very small. Where the counter electrode uses oxygen 

1 5 (air) to produce water from the hydrogen ions an overall voltage of 1 .32V (Na2CC>3) 

1 .36V(K 2 C0 3 ) can be calculated from the Gibbs Free Energy involved. This is substantially 
higher than would exist in a Hydrogen cell at the same temperature. 
Embodiment 1 

Assume 150°C Delta Gf 



With sodium hydroxide or potassium hydroxide the carbon dioxide forms carbonates. Far 
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2KOH + C + H 2 0 - K 2 C0 3 + 4H+ +4e 



+0.21V 



4e + 4H+ ^2H 2 



or:4e + 4H + + 0 2 -2H 2 0 



+ 1.15 



Cell 



+ 1.36 Volts 
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2NaOH + C + H 2 0 - Na 2 C0 3 + 4H* +4e 
4e + 4H* - 2H 2 



+0.17V 



or 4C + 4H+ +0 2 - 2H 2 0 



+ 1.15 



Cell 



+ 1.32V 



30 
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Hydroxide regeneration: Assume 107°C 

K2CO3 + H2O (KCL Media) 2K + + 2H* + CO2 + 4e -1.20 V 
Proton Membrane (Nafion TM Type) 
5 4e + 2K + +2H+ + C-2 -2KOH +1.87 

Cell +0.67 V 

Na 2 C0 3 + H 2 0 (NaCl Media) - 2Na + + 2H+ C0 2 + 4e -1.18V 
Proton Membrane ( Nafion TM Type) 

4e + 2Na + + 2H+ + 0 2 - 2NaOH +1 .90 

10 Cell +0.72 

Embodiment 2 

Using SrCb 2H 2 0 or alternate water coordinating salt as media: 
Note: SrCl 2 + 2NaOH ^ Sr(OH) 2 + 2NaCl 
Sr(OH) 2 + 2C + 4H 2 0 ^ Sr(HC0 3 ) 2 + 8H+ + 8e +0.20V 
15 8e + 8H + ^4H 2 

or 8e + 8H+ + 20 2 4H 2 0 +1.15 

Cell +1.35 Volts 
And with an ion transmitting membrane such as Nafion 

Sr(HC0 3 ) 2 + C ( SrCl and NaCl Media) ^ 2Na + + 2H+ + 3C0 2 + 4e -1 .3 1 Volts 
20 4e + 2Na + + 2H+ + 0 2 ^ 2NaOH +1 .84 

Cell +0.56 Volts 

One can further combine embodiment 1 and 2 in a continum using the SrCl 2 in H2O media: 
2KOH + 3C + 4H 2 0 2K + + 10H+ + 4C0 2 + 12e -0.362Volts 
Proton Membrane (Nafion TM Type) 
25 12e + 2K + + 10H+ + 30 2 - 2KOH + 4H z O +1 .38 

Cell +1.02 Volts 
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In this case, the potassium hydroxide and water generated at the cathode are recycled to 
the anode and the single cell regenerates itself with a continuous feed of carbon being released as 
carbon dioxide. One can summarize the cell as: 

3C + 30 2 3C0 2 Gibbs Free Energy Voltage ^ + 1.02 V (150°C) 
The numbers for the cells using sodium hydroxide are similar: 
Cell (1) + (2) +1.48 V 
Cell (3) +0.56 V 
Combined +1.02V 

The combination of embodiments (1) and (2) can be used to produce hydrogen. In either 
the potassium or sodium case, this will result in three carbons producing four hydrogens at a net 
voltage of 0.75 Volts. One could thereby produce both hydrogen and electricity. 

In the cells where the hydrated chlorides are the media or electrolyte, there are 
interactions between the chloride media and the hydoxides used. Far from an inconvenience, 
given a measured addition of the carbon with the hydroxide interactions at moderate but useful 
concentrations allow for greater reagent solubility and consequently easier operation. It is 
therefore very advantageous to operate a single cell with hydrated electrolyte modified with a 
constantly-recycled hydroxide and water with steady, measured ( by power demand) addition of 
carbon to provide a simple effective generator of electricity. 

Embodiment 4 

In a hydrated electrolyte, the following alternate cells utilizing a hydroxide or hydrated 
oxide which changes valence state at the anode and cathode and therefore generates carbonates at 
the anode and discharges carbon dioxide at the cathode are also feasible. For example: 

Fe(OH) 3 + C ** FeC0 3 + 3H+ + 3e 

3e + 3H + + FeC0 3 + 0 2 ** Fe(OH) 3 + C0 2 

Mn0 2 + H 2 0 + C ^ MnC0 3 + 2tT + 2e 

26 + 21^ + 02 + MnC0 3 Mn0 2 + H 2 0 + C0 2 

2Ce(OH) 4 + H 2 0 + 3C Ce 2 (C0 3 ) 3 + 10H* + lOe 

lOe +10H* + 30 2 +Ce 2 (C0 3 ) 3 2Ce(0H) 4 + H z O + 3CQ2 



It will be recognized that in each of these examples, the net reaction is C + O2 = CO2 and 
therefore, each of these cells will produce a theoretical voltage of 1.02 Volts at 150°C. 

5 Embodiment 5 

There are a great many important applications for chlorine which is an electrolysis 
product. By combining the operation of a carbon fuel cell with chlorine production, one can 
greatly decrease the cost of chlorine production. As an Example: 
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2NaCl + 1/2 C + H 2 0 - Cl 2 + 2Na + + 2H* + 1/2 C0 2 + 4e 



Nafion Type Membrane 

2Na + + 2H* + 4e + 0 2 ** 2NaOH 



Net -0.04 V 
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2NaCl + C + 2H 2 0 - Cl 2 + 2Na + + 4H* + C0 2 + 6e 

Nafion Type Membrane 

6e + 2Na + + 4H + + 1 1/2 0 2 2NaOH + H 2 0 



Net +0.31 Volts 



*u This cell teamed in arrangement with carbon-fueled cells producing power 
not only produces chlorine, but electric power at the same time. 



20 



Embodiment 6 



Using Hydrated alkaline earth chloride as media: 



Example of ammines Cu(NH 3 )2Cl 2 ; Mg(NH 3 )2Cl 2 etc: 
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Zn(NH 3 )2Cl 2 + C + 3H 2 0 «•* (NTL^COs + ZnCl 3 + 4H + + 4e + 0.07V 



4e + (NH4)2C0 3 + ZnCl 2 +0 2 Zn(NH 3 )Cl 2 + CO z +3H 2 0 



+ 0.95 V 



Cell + 1.02 V 



30 
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Embodiment 7 

Metal fuel cell combined with Carbon 

Zn + 3H 2 0 + C ZnC0 3 + 6H+ 6e +0.02 V 

5 6e + 6H+ + 30 2 - 3H 2 0 +1.15 

Cell + 1.17 V 

Methods of Performing the Invention. 

The fuel cells to be used in this invention consist of an anode, cathode, and a membrane 

10 that separates the two electrodes. It is desirable that the anode be inert in the various electrolytes 
here proposed and that they be suited to the decomposition of carbon. Examples of suitable 
electrodes are the carbon-platinum composite anodes used in hydrogen cell anodes, and the DSA 
(TM) Titanium electrodes modified by iridium addition. The cathodes are the gas permeable 
carbon platinum cathodes typical of hydrogen fuel cells or the nickel gas permeable electrodes 

15 well established for alkaline cell use. In most of the embodiments cited membranes of the type 
used as alkaline battery plate separaters are used. Where it is desired to regenerate hydroxides the 
proton transfer membranes such as the well established nation 1 12 or 1 17 (TM) may be used. A 
particularly advantages membrane of the proton transfer type is being developed at Case Western 
Reserve University and is described in by Ma et al. in The Journal of the Electrochemical 

20 Society, vol. 151(1) January 2004 page A8-A1 6. The polybenzidazole membrane cited is 
specifically chosen for temperatures as high as 200°C and is suited to electrolytes of strong 
alkalis, and phosphates. 

The electrolytes cited are chosen on the basis of holding substantial contents of water at 
atmospheric pressure and at temperatures up to 180°C. When regenerating sodium or potassium 

25 hydroxide in a sodium chloride or potassium chloride solution, the temperature is limited by the 
boiling point of water at about 108°C in high salt concentration. Fortunately, the anodic carbon 
reaction in these media is enhance by the formation of hypochlorites which improve the kinetics 
of the reaction at this temperature. There are opposing forces in determining the best 
temperatures to conduct these reactions. The kinetics of the carbon reaction greatly improve 

30 with temperature. Thus the current production at 100°C, while noticeable, is small compared to 
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that at 150°C. 

On the contrary, the conductivity of the hydrated chlorides, and to a lesser extent the 
hydroxides, decreases as the temperature rises and the molar amount of water associated with the 
salt declines. There is then, with each electrolyte, an optimal temperature for operation. 
5 The preferred temperatures fall within the range of 1 00°C to 1 80°C. The preferred range 

with sodium hydroxide is 130°C to 175°C. Most preferred 135°C to 145°C. With Potassium 
hydroxide, the preferred range is 130°C to 160°C with the most preferred range being 140°C to 
150°C. With the hydrated chlorides the preferred range is 130°C to 160°C and in the case of zinc 
chloride 120°C to 140°C. The ammonium phosphates are preferred to be in the temperature 

1 0 range of 1 20°C to 1 70°C, most preferred 1 30°C to 1 50C°C. 

Preferably, the carbon to be used as fuel has the highest possible surface area. It is further 
desirable that the carbon be an electrical conductor. In my co-pending process for the production 
of carbon from a wide variety of organic materials including coal, means where found to enhance 
the conductivity of the carbon produced. These included the effect of the addition of sodium or 

1 5 potassium ions during the coarse of carbon preparation. 

Carbon has a degree of hydrophilic characteristics which hinder its wetting by the 
electrolytes cited herein. I have overcome this by adding small amounts of surfactant to the 
electrolyte carbon mixture. A specific agent used has been Dial(TM) liquid hand cleaner. This is 
very effective at low doses. 

20 It should be recognized that because the carbon being used for hydrogen or for electric 

power production comes from a wide variety of sources, there will be solid residue of depleted 
carbon in the anolyte electrolyte. Provision is made for the discharge of the residues, the 
recovery of co-discharged carbon and the recycle of discharged electrolyte. 

- In the conversion of various hydrocarbons to a carbon rich source for the purposes of this 

25 invention, it is very difficult to totally remove all the hydrogen contained in the hydrogen - 
carbon bonds of the originating material. This hydrogen provides no difficulty in this process 
provided it is sufficiently low enough to have lost the character of an elastomer or plastic and to 
have assumed the character of a not-perfectly-pure carbon. In the reaction of residual carbon - 
hydrogen bond material, the hydrogen ions will join those created by the hydroxyl carbon 

30 reaction and at the cathode be oxidized to hydrogen, hydroxyl or water. 
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